The consequences of hybridization for biodiversity depend on the specific ecological and evolutionary context in which it occurs. Understanding patterns of gene flow among hybridizing species is crucial for determining the evolutionary trajectories of species assemblages. The recently discovered hybridization between two species of Darwin's tree finches (Camarhynchus parvulus and C. pauper) on Floreana Island, Gal apagos, presents an exciting opportunity to investigate the mechanisms causing hybridization and its potential evolutionary consequences under conditions of recent habitat disturbance and the introduction of invasive pathogens. In this study, we combine morphological and genetic analysis with pairing observations to explore the extent, direction and drivers of hybridization and to test whether hybridization patterns are a result of asymmetrical pairing preference driven by females of the rarer species (C. pauper). We found asymmetrical introgression from the critically endangered, larger-bodied C. pauper to the common, smaller-bodied C. parvulus, which was associated with a lack of selection against heterospecific males by C. pauper females. Examination of pairing data showed that C. parvulus females paired assortatively, whereas C. pauper females showed no such pattern. This study shows how sex-specific drivers can determine the direction of gene flow in hybridizing species. Furthermore, our results suggest the existence of a hybrid swarm comprised of C. parvulus and hybrid birds. We discuss the influence of interspecific abundance differences and susceptibility to the invasive parasite Philornis downsi on the observed hybridization and recommend that the conservation of this iconic species group should be managed jointly rather than species-specific.
Introduction
The consequences of hybridization for biodiversity vary temporally, spatially and across biological systems depending on the specific ecological and evolutionary context (Arnold, 1992; Barton, 2001; Seehausen et al., 2008) . Hybridization can reduce biodiversity when two distinct species collapse into a hybrid form (Rhymer & Simberloff, 1996; Seehausen, 2006; Taylor et al., 2006) , or when species' fitness declines through outbreeding depression (Frankham et al., 2002; Muhlfeld et al., 2009) . In contrast, hybridization can actively increase biodiversity as it can give rise to novel species via hybrid speciation (Mallet, 2007; Mavarez & Linares, 2008) , increase population genetic diversity (Baskett & Gomulkiewicz, 2011; Grant & Grant, 2014) and may enhance the adaptive capacity of species subject to environmental or biotic disturbances (Lewontin & Birch, 1966; Hamilton & Miller, 2015) .
Hybridization involves a breakdown of reproductive isolating mechanisms between species that may operate on behavioural, physiological or genetic levels. It is more likely to occur under particular ecological and/or population level circumstances, such as when at least one of the parental species is rare (Avise & Saunders, 1984; Randler, 2002) or when rapidly changing environments favour greater genetic diversity to enhance the adaptive capacity of a species (Lewontin & Birch, 1966; Arnold & Martin, 2010; Becker et al., 2013) . ' Hubbs principle', also referred to as the 'desperation theory' (Hubbs, 1955) , predicts that mating with a heterospecific individual is more likely when the chances of finding a conspecific mate are low (Wirtz, 1999; Randler, 2002) . Environmental change brought about via habitat disturbance, climate change and introduced species has been associated with an increased frequency of hybridization (Anderson & Stebbins, 1954; Seehausen et al., 2008) , which may facilitate local adaptive processes if novel genetic variants confer greater hybrid fitness under altered environments (Seehausen, 2013; Hamilton & Miller, 2015) . Species that evolved via ecological speciation are particularly susceptible to hybridization when loss of environmental heterogeneity reduces the availability of ecological niches and starts to reverse the processes that favoured adaptive divergence (Seehausen et al., 2008) .
In systems where females are the choosy sex, female preference for heterospecific males often drives hybridization among species (reviewed in Wirtz, 1999; Randler, 2002) , as in spadefoot toads (Pfennig, 2007) , golden and white-collared manakins (Stein & Uy, 2006) and pied and collared flycatchers (Veen et al., 2001) . Reasons for females choosing heterospecific males may for example be environmental cues (Pfennig, 2007) , a breakdown of isolating mechanisms (Grant & Grant, 1997) , a relaxation of sexual selection following a severe bottleneck such as a drastic population decline (Kaneshiro hypothesis, Kaneshiro, 1976 , 1980 , or a lack of conspecifics (Hubbs, 1955; Grant & Grant, 1997; Pfennig, 2007) . In the latter two cases, hybridization will generally occur by females of the rare species mating with males of the common species as they are unable to find conspecific mates, rather than females of the common species choosing males of the rare species (Avise & Saunders, 1984; Wirtz, 1999) .
This can cause asymmetrical hybridization, as one species is more often the maternal parent of hybrid offspring than the other. Combined with unidirectional introgression (hybrids are predominantly backcrossing with only one of the parental species), this can lead to a directional bias in gene flow towards one of the two hybridizing species.
Darwin's finches of the Gal apagos Archipelago provide a fascinating opportunity to investigate contemporary hybridization given their evolutionary history of ecological speciation (Grant, 1986) , their documented susceptibility to hybridization via disturbance (Grant & Grant, 2014) and their strong female-driven reproductive isolation via song and morphology (Grant & Grant, 2014) . On Floreana Island, three species of Darwin's tree finches (small tree finch (Camarhynchus parvulus), medium tree finch (C. pauper) and large tree finch (C. psittacula)) were known to occur, with C. parvulus being the most and C. psittacula the least abundant, whereas C. pauper was classified as 'critically endangered' due to its island endemic status (O'Connor et al., 2010a) . Microsatellite analyses across all three species revealed only two distinct genetic groups and one group of mixed (hybrid) assignment (Kleindorfer et al., 2014a) . This result, in combination with historical morphological data, led to the conclusion that C. psittacula is actually locally extinct on Floreana Island, and the existing bird community here consists of only two distinct species: C. parvulus, C. pauper and their hybrids (Kleindorfer et al., 2014a) .
This recently detected hybridization is particularly intriguing, as it involves a common species and a critically endangered species [the smaller-bodied small tree finch C. parvulus (~13 g) and the larger-bodied medium tree finch C. pauper (~17 g), respectively] whose habitat is affected by introduced species and habitat fragmentation, as well as an introduced parasitic fly (Kleindorfer et al., 2014a,b; Kleindorfer & Dudaniec, 2016) . Human settlement and agricultural activity are increasing on Floreana Island, leading to degradation of at least 38% of the highland Scalesia forest which is the natural habitat of tree finches (Watson et al., 2010) . Human expansion has also increased predation pressure by introducing alien fauna to the island such as rodents (Grant et al., 2005b) , domestic cats (Jim enez-Uzc ategui et al., 2008) and birds such as the smooth-billed ani Crotophaga ani (Connett et al., 2013) . Yet the biggest threat is the introduced fly Philornis downsi. The female fly lays its eggs in birds' nests, where parasitic larvae quickly emerge to feed on the blood and tissue of nestlings, causing up to 100% of annual in-nest mortality in some years (Kleindorfer & Dudaniec, 2016) . This host-parasite system is relatively young, with parasitism of Darwin's finch nests by P. downsi first observed in 1997 (Fessl et al., 2001 ). This system therefore provides an exciting opportunity to study the consequences of disturbance via an introduced parasite for the behaviour of a na€ ıve host. Kleindorfer et al. (2014a) compared morphological data of paired male and female Darwin's tree finches (Camarhynchus spp.) and found that females were either the same size or larger than their chosen males, but never smaller; however, an explicit link with mate choice was not made.
While Kleindorfer et al. (2014a) concentrated on describing this newly discovered hybridization, this study focuses on identifying the direction and drivers of introgression using molecular and behavioural analyses of genetically assigned birds. Furthermore, this study uses an extended set of samples covering 8 years between 2004 and 2014. Gal apagos is known for its oscillating climate and high variation in rainfall patterns, which have become more pronounced with the process of climate change (Wiedenfeld & Jim enezUzc ategui, 2008) . Due to these pronounced environmental variations and the extreme variation in selection pressures over short time spans that occur on Gal apagos, these additional data are extremely valuable when investigating hybridization processes. Peters & Kleindorfer (2017) showed that although hybrids differed in male song characteristics from C. pauper, song of C. parvulus could not be distinguished from hybrid song. Given that male song is an important mating signal in Darwin's finches, this finding highlights the need for further study. Here, we investigate dynamics of the contemporary hybridization among Camarhynchus using a powerful combination of multilocus genetic, behavioural and morphological information to assess whether hybridization patterns are a result of relaxed pairing preferences displayed by females of the rarer species (C. pauper). The time frame of our study coincides with increasing habitat disturbance and mortality impacts from introduced parasites (Kleindorfer & Dudaniec, 2016) , as well as a decrease in abundance of C. pauper throughout the decade (Peters & Kleindorfer, 2017) . We therefore expect a profound shift in behavioural reproductive isolation mechanisms within this iconic species assemblage, and we predict to find disassortative pairing preferences between species and evidence for asymmetrical introgression from the rare (C. pauper) to the common (C. parvulus) species. Understanding such evolutionary processes within rapidly radiated species assemblages can help to explain how habitat disturbance and climate change may act to alter the functional roles of species among available niches and thus, entire ecosystems.
Materials and methods

Study species and study site
This study was conducted in the highland Scalesia forest at the base of the Cerro Pajas volcano on Floreana Island (1°17 0 60.0″S, 90°27 0 09.5″W, site area~2.4 km 2 , elevation 300-400 m) of the Galapagos Archipelago (described in O'Connor et al., 2010a). Our study species are the common small tree finch (C. parvulus), the critically endangered medium tree finch (C. pauper) and their hybrids. Tree finches are sedentary and occupy the same territory across several years (S. Kleindorfer, personal observation). Male tree finches build a display nest and sing at the nest to attract a female (Kleindorfer, 2007) . A female then either (1) selects the male and the nest, (2) selects just the male, in which case the pair has been observed to build a nest together or (3) rejects both the male and the nest (Kleindorfer, 2007) . Although males can contribute to the decision to form a pair, females are the more choosy sex (Grant & Grant, 1987) .
Sample collection
Morphological measurements and blood samples were taken from a total of 368 adult tree finches between 2004 and 2014 (2004, N = 4; 2005, N = 87; 2006, N = 11; 2008, N = 4; 2010; N = 89; 2012, N = 32; 2013, N = 82; 2014 , N = 59). We captured and measured adult tree finches using 6 9 12 m mist-nets between 06 h00 and 11 h00 from February to April 2004 April , 2005 April , 2006 April , 2008 April , 2010 April , 2012 April , 2013 April and 2014 . At the time of capture, we measured birds, collected a blood sample for subsequent genetic analysis and banded each bird with a numbered aluminium band and a distinct combination of coloured plastic bands. We measured the following morphological variables to the nearest 0.1 mm using a calliper: beak-head (beak tip to back of head), culmen (tip of beak to feather line), beak-naris (tip of beak to front end of naris), beak-depth (base of beak vertically), beakwidth (base of beak horizontally) and tarsus length. Wing length was measured to the nearest mm using a wing ruler. Measurements were taken by SK, JO'C and KJP (all banders were annually calibrated against SK to maintain consistency across years). The blood samples (10 lL) were immediately transferred to Whatman Classic FTA â paper for DNA preservation. For this study, we only analysed data from adult birds to minimize genetic relatedness between individuals within years.
Genetic analyses
We extracted the DNA samples from Whatman Classic FTA â paper using a modification (200 lL volumes used for all washes) of method #4 from Smith & Burgoyne (2004) . Each individual was genotyped at 11 microsatellite loci designed for Geospiza fuliginosa: Gf1, Gf3, Gf4, Gf5, Gf6, Gf7, Gf9, Gf11, Gf12, Gf13, Gf15 (Petren, 1998) . We performed PCR amplification following the exact method described in Galligan et al. (2012) . Due to lack of sufficient amplification across individuals, we excluded the microsatellite loci Gf9 and Gf15 from further analysis. We also excluded eleven individuals that failed to amplify at more than three loci. We subsequently analysed a total of 357 individuals at nine microsatellite loci: Gf1, Gf3, Gf4, Gf5, Gf6, Gf7, Gf11, Gf12, Gf13 (Petren, 1998) . PCR amplification was performed following the exact method described in Galligan et al. (2012) . Genotypes were analysed on an ABI 3770 automated sequencer (Applied Biosystems, Foster City, CA, USA) and scored using GeneMapper Software 4.0 (Applied Biosystems) with manual editing. All samples were scored by KJP and verified by SAM. Individuals were assigned to one of two putative clusters to assist our exploratory analyses based on their differences in beak morphology and in accordance with results of earlier genetic analyses (O'Connor, 2012; Kleindorfer et al., 2014a) . We chose 8.2 mm for beak length naris to be the border between putative populations as this was the median value between the means of the two original clusters, and at this value, there was minimal overlap. In putative cluster 1 (C. parvulus phenotype), we included all individuals with beak-naris < 8.2 mm and in putative cluster 2 (C. pauper phenotype) all individuals with beak-naris ≥ 8.2 mm. Putative clusters were used for exploratory analysis using GenAlEx 6.5 (Peakall & Smouse, 2006 , 2012 and Bayesian clustering analyses using the LOCPRIOR model in STRUCTURE 2.3.4 (Pritchard et al., 2000; Hubisz et al., 2009) .
We then performed tests of Hardy-Weinberg Equilibrium (HWE) per locus and putative population using GenePop 4.2 (Raymond & Rousset, 1995; Rousset, 2008) with Bonferroni correction. We tested for linkage disequilibrium at each locus using GenePop 4.2 and evaluated significance (P = 0.01) after Bonferroni correction. Data were checked for neutrality by estimating the mean F ST and calculating the confidence intervals using LOSITAN (Antao et al., 2008) .
Population genetic structure and hybridization
Because the inclusion of directly related individuals may confound genetic analyses, we identified putatively related individuals using COLONY 2.0, which applies full pedigree likelihood methods to infer sibship and parentage between individuals based on multilocus genotype data (Jones & Wang, 2010) . Excluding these individuals from subsequent analyses had only a negligible effect on results; we therefore used the initial dataset containing all individuals for subsequent analyses (see Supporting Information). Population structure was assessed using the Bayesian model-based clustering method in the program STRUCTURE 2.3.4 (Pritchard et al., 2000) . We ran an initial 10 Markov chain Monte Carlo (MCMC) replicates for K = 1-4 with a burn-in period of 100 000 iterations and post-burn-in chain length of 500 000 iterations. We evaluated the number of assumed genetic clusters (K) detected using both the mean log-likelihood method following Pritchard et al. (2000) and the delta K method following Evanno et al. (2005) . The results for both the standard admixture and the LOCPRIOR model were identical with respect to optimal K. We expected weak genetic structure because of the generally close genetic relatedness of Darwin's finch species (e.g. Farrington et al., 2014) ; therefore, we proceeded with the LOCPRIOR model to estimate cluster membership. LOCPRIOR uses information such as ecotype or sampling location to support clustering if correlated with genetic structure (Hubisz et al., 2009) ; in our case, we used morphology-based putative cluster assignments (see above for details). We ran 20 replicates for K = 2, using a burn-in period of 100 000 iterations and post-burn-in chain length of 100 000 iterations.
We compared private allele frequencies and heterozygosity (Ho) among the two detected genetic clusters that were identified in STRUCTURE (using a q i threshold of 0.50), using GenAlEx 6.5 (Peakall & Smouse, 2006 , 2012 , and allelic richness (AR), using FSTAT (Goudet, 1995) .
Assessing accuracy of threshold values
In order to select the most suitable threshold value of the individual membership coefficient (q i ) to determine C. parvulus, C. pauper and hybrid individuals, we assessed the accuracy of three potential threshold values using simulations based on real genotypes. Simulations were performed using the software HYBRIDLAB 1.0 (Nielsen et al., 2006) , which randomly draws alleles based on their estimated frequency distributions from each of the two user specified populations and creates F1 hybrids, assuming linkage equilibrium among loci, marker neutrality and random mating.
The highest assignment probability to the C. parvulus cluster for an individual was 0.88, so, assuming there were 'pure' parental individuals in the group, we tested three threshold values below this, 0.75, 0.80 and 0.85. Using each of these values, we assigned our data to C. parvulus group and C. pauper group while omitting hybrid individuals, resulting in three datasets containing only 'pure' individuals. To avoid pseudo replication, we generated nine times as many genotypes of the C. pauper group and the C. parvulus group as were in each respective dataset. Simulated and original individuals were then merged and randomly split into 10 separate datasets per tested threshold value, containing the same number of C. pauper and C. parvulus individuals as the original data. Using these 'parental' datasets, we simulated hybrid genotypes and added them to the dataset of their 'parents', resulting in 30 datasets (three threshold values, 10 datasets per value) consisting of a mix of original and simulated C. pauper and C. parvulus individuals, and their simulated hybrids. We ran these datasets in STRUCTURE for K = 2, using the LOCPRIOR model and the same running conditions, method and replicates as for the original samples. The proportion of incorrect group assignments was used to evaluate the threshold values (see Table S2 ).
Following simulation results (see below and results), we assigned each genotype to one of three genetic groups using the assignment probability (q i ) to the morphologically smaller cluster as follows: the C. parvulus group, hereafter referred to as C. parvulus (q i ≥ 0.80), the C. pauper group, hereafter referred to as C. pauper (q i ≤ 0.20), and the admixed group (0.20 < q i < 0.80). Our analyses resulted in a slightly different optimal q i threshold value for assigning individuals to genetic
groups compared with Kleindorfer et al. (2014a) (0.80 for this study, 0.75 for Kleindorfer et al. (2014a) ), which had a smaller dataset. Low genetic differentiation among samples from the parental groups and high admixture among species precluded us from differentiating hybrid generations with confidence; therefore, we did not apply hybridization analyses that incorporate this. The high q i threshold allows for both recent (F1 generation) and later-generation (F2 generation and beyond) hybrids to be included in the admixed group as it is assumed that the hybrid structure is multigenerational and ongoing. We refer to the group as admixed rather than hybrid due to the potential for nonhybrid individuals to be assigned hybrid status due to possible assignment error in STRUCTURE (discussed in Kalinowski, 2011; Wang, 2016) .
Morphological analysis
We compared the following morphological traits of male and female tree finches across genetic groups: beak-head (beak tip to back of head), culmen (tip of beak to feather line), beak-naris (tip of beak to front end of naris), beakdepth (base of beak vertically), beak-width (base of beak horizontally), tarsus length and wing length. Male and female morphology was analysed separately due to known sexual dimorphism (Lack, 1983) . Tree finches can be sexed visually when males are > 1 year old due to a gradual change in male plumage coloration, but females and yearling males look alike (Kleindorfer, 2007) , although males can often be determined due to their protruding cloaca and breeding females by their swollen ventral brood patch (S. Kleindorfer, personal observation). To reduce potential error, we conducted avian molecular sexing using modified standard methods (see Supporting Information for details) for 58 out of 116 birds for which gender could not be confidently identified via their plumage coloration. For the remaining 58 individuals, we relied on visual sex determination.
We examined data for normality and homogeneity of variances and used ANOVA with Tukey HSD post hoc test for female tarsus length. All other morphological variables violated assumptions of normality and were therefore analysed using Kruskal-Wallis test with pairwise comparisons performed using Dunn's (Dunn, 1964) procedure with Bonferroni correction for multiple comparisons as post hoc test. We used factor reduction via principal component analysis (PCA) to condense the morphological measurements into a reduced set of variables; PCA_beak (beak-head, culmen, beak-naris, beakdepth) and PCA_body (wing length and tarsus length). The derived PCA factor scores for PCA_beak had high factor loadings for beak-head (male: 0.95, female: 0.96), culmen (male: 0.92, female: 0.96), beak-naris (male: 0.94, female: 0.95) and beak-depth (male: 0.91, female: 0.92) and explained 87% (male) and 90% (female) of the variance. PCA factor scores for PCA_body had high factor loadings for wing length (male: 0.91, female: 0.89) and tarsus length (male: 0.91, female: 0.89) and explained 84% (male) and 76% (female) of the variance. We then explored the relationship between beak morphology (PCA_beak_male and PCA_beak_female) and body size (PCA_body_male and PCA_body_female) and individual probability of genetic membership (q i ) using bivariate correlation analysis.
Pairing outcome
We collected pairing data of colour-banded birds for which we also had genetic samples across 5 years (2005 N = 16 pairs, 2010 N = 15 pairs, 2012 N = 13 pairs, 2013 N = 12 pairs and 2014 N = 14). A pair was defined as a male and female attending a clutch of eggs; nesting contents were verified by inspecting nests visually (using a pole-mounted scope camera for nests higher > 2 m). Each pairing event was considered independent as females may renest and re-pair across their lifetime (see also Kleindorfer (2007) ). We analysed pairings in two ways: firstly, we used the likelihood ratio test to examine whether tree finch females of the three genetic groups (C. parvulus, C. pauper and admixed group) showed the same pattern of speciesspecific pairing. We tested the null hypothesis that proportions of mixed (male and female from different genetic groups) and pure (male and female from the same genetic group) pairs did not differ across the genetic group of the female. Because results of the genetic analyses suggest that the admixed group likely contains C. parvulus individuals, and because they were found to be morphologically similar (see Results), we merged the admixed group with the C. parvulus group (hereafter referred to as hybrid swarm). This resulted in only two genetic groups (C. pauper and hybrid swarm), for which we analysed species-specific pairing using Fisher's exact test. Secondly, we investigated the association between the membership coefficient (q i ) (derived from STRUCTURE) of the male and female within each pair using linear regression controlling for 'year', presented in relation to the females' membership probability to each of the three genetic groups (C. parvulus, C. pauper, admixed group). Statistics for morphology and pairing analyses were performed using IBM 
Results
Microsatellite characteristics and genetic structure
In total, four loci (Gf1, Gf3, Gf4, Gf11) showed significant departure from HWE, but only one (Gf11) departed from HWE in both putative genetic groups. Given that we expected our dataset to include hybrids, we anticipated that this might influence HWE dynamics, and we proceeded with data analysis using all nine loci, as all loci have been used successfully for Darwin's finches in previous studies (e.g. Petren, 1998; Kleindorfer et al., 2014a) . All loci were unlinked and confirmed to be neutral. The number of alleles per locus across all individuals ranged from 3 to 19 (mean 9.2 AE 1.3 SE), expected heterozygosity ranged from 0.06 to 0.89 (mean 0.54 AE 0.07 SE) (Table S1 ). Missing data were 6-21% across loci. Estimates of the logarithm of probability averaged over 10 MCMC replicates for K = 1-4 were maximal for K = 2 using both the mean log-likelihood method (Pritchard et al., 2000) and the Evanno (2005) Table S2 ) and was therefore selected as the most suitable threshold for our dataset.
Mean q i for each group was 0.83 AE 0.003 for C. parvulus (N = 62), 0.08 AE 0.004 for C. pauper (N = 85) and 0.66 AE 0.009 for the admixed group (N = 210). This difference in mean q i and, thus, assignment probability to each parental group suggests asymmetrical gene flow between genetic groups, with introgression into the C. pauper group being less frequent as hybrids shared few alleles with the group as indicated by the low q i . The mean q i of 0.66 for the admixed group is > 0.5, suggesting that hybridization involves greater introgression of alleles from one species than from another.
Private alleles can be used as a tool to identify the direction of genetic introgression between two species (e.g. Beaumont et al., 2001) . Using a q i threshold of 0.5, birds with predominant membership to the C. parvulus cluster had many more private alleles (31, 32.3% of all alleles were private), higher heterozygosity (Ho = 0.52) and higher mean AR (AR = 8.87) than those with predominant membership to the C. pauper cluster (five private alleles (7.1%), Ho = 0.46, AR = 7.57).
Morphological differentiation among parental and hybrid birds
Birds belonging to the C. pauper group were significantly larger than C. parvulus and the admixed group for all morphological variables (Tukey HSD/pairwise comparison test all P < 0.001), whereas C. parvulus and birds of the admixed group did not differ significantly from each other (Tukey HSD/pairwise comparisons all P > 0.05, Table S3 ). For both sexes, beak size and body size were both strongly negatively correlated with membership coefficient (q i ), with higher q i associated with smaller birds (PCA_beak_male: q = À0.816, P < 0.001, N = 247; PCA_body_male: q = À0.743, P < 0.001, N = 232; PCA_ beak_female: q = À0.874, P < 0.001, N = 107; PCA_ body_female: q = À0.807, P < 0.001, N = 94, Fig. 2 ).
Asymmetrical pairing among genetic groups
The percentage of 'pure' (male and female from the same genetic group) and mixed (male and female from different genetic group) pairings differed between genetic groups (likelihood ratio = 9.115, d.f. = 2, P = 0.010, N = 70, Fig. 3a) . Females of the smaller-bodied species, C. parvulus, were never observed to pair with a male C. pauper (0/8 nests), but 44.4% of female C. pauper paired with male C. parvulus or males of the admixed group (Fig. 3a, Table S4 ). When comparing C. pauper and the hybrid swarm (C. parvulus and admixed group merged) only, females of the hybrid swarm paired predominantly with males from the hybrid swarm (92.3%), compared to C. pauper females that paired within (55.6%) and outside (44.4%) of their genetic group at comparable percentages (Fisher's exact test, P = 0.001, N = 70, Fig. 3b) .
To examine whether 'like pairs with like' at a higher resolution, we compared q i (individual membership coefficient to each genetic cluster) within each pair to determine whether paired individuals shared similar assignment probabilities to each genetic group. Females from the C. parvulus group were the narrowest in their selection of male genotypes, choosing males that had a Fig. 1 Probabilistic assignment to the genetic groups using individual membership coefficient (q i ) inferred by the Bayesian analysis performed in STRUCTURE with K = 2 clusters for Darwin's tree finches on Floreana Island. Each vertical bar represents one individual; membership to Camarhynchus pauper cluster (medium tree finch) is shown in red; and membership to C. parvulus cluster (small tree finch), in blue. Birds were sorted into three genetic groups using an inclusive threshold of q i > 0.80 (C. parvulus) and q i < 0.20 (C. pauper) to the C. parvulus cluster. Individuals with 0.20 < q i < 0.80 were assigned to the admixed group. Black bars show the border between groups.
q i similar to their own [AE 0.02-0.13 (SE), q = 0.817, P = 0.025, Fig. 4 ]. The mean AE SE difference in q i within C. parvulus pairs was 0.07 AE 0.02, indicating high fidelity for pairing with conspecifics within the smaller-bodied species. In contrast, C. pauper and admixed females showed a broader selection of male genotypes with similar variance (Fig. 4) and thus did not appear to pair assortatively for q i similarity (C. pauper: q = À0.217, P = 0.402, mean difference in q i between pairs = 0.25 AE 0.06 (SE), admixed group: q = 0.107, P = 0.495, mean difference in q i between pairs 0.16 AE 0.03 (SE), Fig. 4) .
Discussion
This study provides genetic, morphological and behavioural evidence for sex-specific drivers of asymmetrical introgression. The contemporary hybridization between Darwin's tree finches on Floreana Island was underpinned by three observations that support femaledriven, asymmetrical introgression: (1) the C. parvulus cluster had a higher proportion of private alleles compared to the C. pauper cluster, (2) females of the common and smaller-bodied species (C. parvulus) paired with males with membership coefficients similar to their own, and (3) females of the admixed group and the rare larger-bodied species (C. pauper) did not show a significant pairing preference for males with a similar membership coefficient. Our results support the conclusion that a lack of selection for conspecifics in C. pauper females is driving asymmetrical introgression from C. pauper into C. parvulus.
Asymmetrical introgression
Admixture proportions were skewed towards the C. parvulus group (see Fig. 1 ), which indicates higher rates of backcrossing of hybrids with C. parvulus than For both sexes, beak size and body size were strongly negatively correlated with genetic assignment probability.
C. pauper (asymmetrical introgression). Our analysis of nine microsatellite loci identified two genetically distinct groups within the tree finches on Floreana. This expands upon previous findings by Kleindorfer et al. (2014a) The fact that C. parvulus and birds of the admixed group were morphologically similar to each other, yet significantly smaller than C. pauper (see Fig. 2 ), suggests that C. parvulus and hybrids are not readily distinguished and likely constitute a hybrid swarm. This assumption is supported by Peters & Kleindorfer (2017) who found that birds of the C. parvulus and the admixed group did not differ in song characteristics, whereas birds of the C. pauper group were clearly distinguishable by song. Recent generation avian hybrids often display intermediate morphological traits compared to their parental species (e.g. Steeves et al., 2010; Grant & Grant, 2014) . However, in the present study, hybrids were morphologically indistinguishable from C. parvulus, yet significantly smaller than C. pauper. It is therefore likely that the admixed group contains only relatively few recent hybrids (which would likely have intermediate morphology) and consists mostly of C. parvulus and introgressed (hybrid 9 C. parvulus) individuals that span multiple generations. The resolution of the genetic markers available does not enable identification of the specific generation of hybrid individuals (Kleindorfer et al., 2014a) , but future analyses using genomic data may allow for this.
The lack of genetic admixture in the C. pauper group provides further evidence for asymmetrical introgression from C. pauper into the hybrid swarm (C. parvulus and admixed group). The unbalanced proportion of private alleles shared between C. parvulus and C. pauper is congruent with a scenario of asymmetrical introgression and indicates gene flow towards C. parvulus, but little gene flow towards C. pauper. The greater heterozygosity and AR of C. parvulus lend further support to the existence of asymmetrical introgression. This has been observed in several avian species (e.g. Borge et al., 2005; Helbig et al., 2005) , usually with gene flow being skewed towards the less abundant group (reviewed in Rheindt & Edwards, 2011) , similar to the case presented here. Genomic data have provided valuable knowledge about the molecular mechanisms that govern introgressive hybridization in other taxa (Baack & Rieseberg, 2007; Cole, 2016) and would provide further insight into the intergenerational patterns and (a) (b) Fig. 3 Pairings in Darwin's tree finches (Camarhynchus spp.) for three (a) and two (b) genetic groups for 2005, 2010, 2012, 2013 and 2014 . Bars show the percentage of female pairings with a male of the same ('within group') and a different ('other') genetic group; N is given above each bar. Fig. 4 The relationship between genetic membership probabilities (q i ) of paired male and female tree finches for females genetically assigned as Camarhynchus pauper (○), admixed group ( ) and C. parvulus (♦). Regression lines represent the association between male and female genetic assignment in paired birds, which was significant in C. parvulus (q = 0.817, P = 0.025, solid line), but not in C. pauper (dashed line) or females of the admixed group (dotted line).
molecular architecture underlying hybridization in this group of Darwin's finches.
Female pairing preference as a driver of hybridization and introgression
Asymmetrical introgression may occur due to equal or random hybridization events among males and females of both species or may be driven by sexual selection. In this case, the mechanism driving the introgression can be female choice, male-male interactions, or a combination of the two (Stein & Uy, 2006; Martin & Mendelson, 2016) . In many cases, the sex that drives reproductive decisions is also likely to drive the direction of hybridization and introgression. For example, female preference for golden-collared males in a manakin hybrid zone has caused asymmetric introgression of golden-collared plumage traits (Stein & Uy, 2006) . A comparable dynamic was shown in common wall lizards (Podarcis muralis), a system where male reproductive success is driven by male-male competition rather than female choice (Olsson & Madsen, 1995) . In the lizard study, asymmetrical introgression was driven by male-male competition with the introgression being skewed towards the more dominant lineage (While et al., 2015) . In birds, females are often the choosier sex (e.g. Andersson, 1982 Andersson, , 1994 Andersson & Simmons, 2006) , and Darwin's finches are no exception (Grant & Grant, 1987) . Our study found that across a decade, C. parvulus females never paired with C. pauper males. Instead, they paired with conspecifics and hybrids that had a high membership coefficient to C. parvulus (0.67-0.79), indicating selection against C. pauper males. Hybrid females paired predominantly with hybrid males and C. parvulus males, also indicating selection against C. pauper males (see Figs 3 and 4) . In contrast, C. pauper females did not pair assortatively according to membership coefficient, indicating a lack of selection against C. parvulus males. These observations suggest that female pairing preference drives the asymmetrical introgression in this system, as the difference in selection against heterospecifics between C. parvulus and C. pauper most likely results in increased gene flow from C. pauper into the hybrid swarm.
Given the very recent evolutionary divergence of Darwin's finches, reproductive isolation between species via song and morphology provides a strong barrier. So what drives the relaxed female pairing preference for conspecifics in C. pauper in this case? Parasites have long been known to influence mate choice behaviour, as females have been shown to base their choice on phenotypic traits indicating the male's physical condition (e.g. in sticklebacks (Milinski & Bakker, 1990 ) and jungle fowl (Zuk et al., 1990) ). Darwin's finches are heavily parasitized by P. downsi, an introduced fly that deposits its eggs in birds' nests where its larvae feed on blood and tissue of nestlings, directly causing~55% in-nest mortality and up to 100% annual in-nest mortality in Darwin's finches (Kleindorfer & Dudaniec, 2016) . Nests located higher in the nesting tree and larger nests (built by larger birds) had more Philornis larvae (Dudaniec et al., 2007; Kleindorfer & Dudaniec, 2009) , and over the past decade, nests of C. pauper had significantly higher parasite intensity than C. parvulus and hybrid nests (O'Connor et al., 2010b; Peters, 2016 ). Darwin's finch nestlings that survived the in-nest parasitism often had severely enlarged naris size and maintained the enlarged naris size as adults , with possible consequences for male song quality and pairing success (S. Kleindorfer, unpublished data). Perhaps contemporary females are selecting males with small body size (for reasons currently unknown -but perhaps smaller males fledged from smaller nests with fewer P. downsi, had less naris deformation and better song quality as adults), with the consequence of reduced parasitism for the female's offspring reared in a smaller nest built by a smaller male. This could explain the relaxed pairing preference shown by the large-bodied C. pauper females, which paired with smaller-bodied heterospecific males in 44.4% of the observed cases. Should the union with a smaller-bodied male yield higher reproductive success due to lower parasitism, this hybridization and asymmetric introgression would be favoured by selection. Similarly, Moreno-Rueda & Hoi (2011) found female mating preferences for males with ornamental traits corresponding to increased parasite resistance in house sparrows (Passer domesticus). Females preferred big males with large white wing bars, which was a trait associated with higher resistance against chewing lice (order Phthiraptera) (MorenoRueda & Hoi, 2011) . The data in this study stem from already paired individuals; without mate choice experiments, we cannot determine whether we are observing the result of selective mate choice based on the aforementioned traits or whether the lack of pairing preference for conspecifics in C. pauper females is due to the limited availability of male C. pauper. We suspect that the increasing rarity of C. pauper has contributed to the development of the extensive hybridization within the tree finch group. Because there is a trade-off between costs and benefits of choosiness in mate selection, animals may decide to mate with heterospecifics when no conspecifics are available (Nuechterlein & Buitron, 1998; Willis et al., 2011) . For example, female indigo and lazuli buntings, Passerina cyanea and P. amoena, have been shown to prefer conspecific to heterospecific males, but would choose heterospecific males over not mating at all in the absence of conspecifics (Baker, 1996) . Numbers of the critically endangered C. pauper declined 52% from 2004 to 2013 (Peters & Kleindorfer, 2017) , which raises the possibility that a scarcity of conspecifics may lead C. pauper females to mate with the more abundant C. parvulus and hybrid males, rather than invest search time and risk forfeiting the chance of mating.
Females are regarded as the 'gatekeepers' of reproductive isolation in systems where they are the more choosy sex (Parker & Partridge, 1998; Willis, 2013) . The apparent lack of selection against heterospecifics in mating decisions by C. pauper females suggests a partial breakdown of reproductive isolating mechanisms in this system. Male song, which differs between Darwin's finch species and is acquired across generations via learning (Bowman, 1983; Grant & Grant, 1997) , is an important mating signal and reproductive barrier. Sons learn the song from their father, and daughters have a preference for their paternal song (Bowman, 1983) . Therefore, hybrid sons fathered by C. parvulus males should produce C. parvulus song as adults and hybrid daughters should preferentially mate with males that produce C. parvulus song. Consequentially, subsequent generations should favour frequent backcrossing to C. parvulus (the father's genetic lineage) and hybrids, but not C. pauper (Grant & Grant, 2008 . In support of such a scenario, Peters & Kleindorfer (2017) found song characteristics of hybrid and C. parvulus to be indistinguishable from each other, but significantly different to C. pauper song. This will likely maintain high levels of hybridization and introgression to form a hybrid/ C. parvulus swarm that excludes C. pauper. In fact, almost all observed pairings by females of the hybrid swarm (92.3%) were with males of the hybrid swarm.
While we cannot fully exclude male choice for females as driving the observed pattern, the overwhelming evidence from other avian studies is that female choice determines pairing outcome whereby males display their quality (e.g. song, plumage and territory attributes) that can be assessed by a choosy female (e.g. Andersson, 1982 Andersson, , 1994 Price, 1984; Grant & Grant, 1987; Møller, 1988; Mays et al., 2008) . Given the asymmetrical pairing outcome we observed between female C. pauper and male C. parvulus, we conclude that this was driven by female choice for male C. parvulus. Other explanations are possible; however, they would require experimental testing.
Conservation of hybrids and hybridizing species
Evidence suggests that hybridization between C. parvulus and C. pauper should be selectively favoured because hybrids have been less impacted by the invasive P. downsi parasite (Kleindorfer & Dudaniec, 2016; Peters, 2016) . Nests of the hybrid swarm contained fewer parasitic larvae compared to those of C. pauper (Peters, 2016) . Individuals of the hybrid swarm seem to make up the majority of the tree finch group on Floreana (77% of collected samples), which may indicate a high reproductive and/or survival rate compared to C. pauper. Darwin's finches are a young and closely related species group with a history of fluctuation and rapid evolution, with introgressive hybridization considered a likely important aspect in its evolution (Grant et al., 2005a) . The fluidity of evolutionary dynamics in the Darwin's finch system is consistent with the possibility that the described hybridization is an adaptive interaction given threats posed by invasive species and habitat loss. There are significant conservation implications for understanding the relationship between ecological factors and introgressive hybridization both generally and in this system.
Given current global environmental changes such as increasing temperature and habitat fragmentation, understanding the processes that influence the evolutionary potential of species has never been more important. Conservation of hybrids has been an ongoing topic of discussion for decades and is receiving new insight from genomics data (Wayne & Bradley Shaffer, 2016) . Although some studies have dismissed or downplayed the conservation value of hybrids (e.g. O'Brien & Mayr, 1991; Giese, 2005) , hybridization has long been suggested to play a vital role in the evolution of species (Anderson & Stebbins, 1954) and is increasingly being recognized as a beneficial factor to foster adaptive potential in changing environments (discussed in Allendorf et al., 2001; Hamilton & Miller, 2015) . Given the endemic and critically endangered status of C. pauper, the question of whether hybrids should share the same conservation status is an important one. The Gal apagos Islands are experiencing drastic environmental disturbance through increasing population and tourism as well as climate change, and several endemic species are critically endangered or at risk of extinction, such as the mangrove finch C. heliobates (Fessl et al., 2010) . Although C. parvulus is currently listed as 'least concern' (IUCN, 2015) , it could provide a source of genetic variation for the critically endangered and island endemic C. pauper, while the hybrids potentially harbour C. pauper genes. Based on the findings presented here, we recommend that the tree finch group on Floreana Island should be treated as a single conservation management unit due to their intertwined evolutionary trajectories and the frequent natural occurrence of hybridization in this system.
Data archiving
Microsatellite genotypes, morphological and pairing data are available from the Dryad Digital Repository: http://dx.doi.org/10.5061/dryad.mc534. Further data, extended methods and results supporting this manuscript have been submitted as part of the Supporting Information.
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